Abstract: Cloud occurrences, vertical structures, and along-track horizontal scales over East Asia are studied using four years (2007)(2008)(2009)(2010) of CloudSat 2B-CLDCLASS-LIDAR data. The CloudSat 2B-CLDCLASS-LIDAR data employs combined CloudSat radar and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) measurements to provide by far the most accurate detections of cloud boundaries and their vertical structures. The mean cloud occurrence frequency over East Asia is 66.3%, which is 13.8% and 21.6% higher than that from the Cloud-Aerosol LIdar with Orthogonal Polarization (CALIOP) level 2 5-km cloud layer product and the CloudSat 2B-GEOPROF product, respectively. Cloud-top heights over East Asia show three local peaks at approximately 1.5 km, 10 km, and 15 km above ground level (AGL), indicating different mid-altitude cloud formation mechanisms from those over the tropics. Significant fractions of low-level cloud, mid-level cloud, and high-level cloud have thicknesses smaller than 0.5 km, indicating that models with vertical resolutions lower than 0.5 km have difficulties resolving those clouds. The average cloud along-track horizontal scale over East Asia is 82.0 km. Probability distribution functions (PDFs) of cloud along-track horizontal scales suggest that approximately 81.2% of the clouds over East Asia cannot be resolved by climate models with a grid resolution of 1 • . The results from this study can be used to improve cloud parameterizations in climate models and validate model simulations of clouds over East Asia.
Introduction
Clouds cover more than 65% of Earth's surface and play a critical role in Earth's radiation budget [1, 2] . They exert a cooling effect on Earth's surface by reflecting solar radiation back to space and a warming effect by trapping infrared radiation that is emitted by Earth's surface and low troposphere. The radiative properties of clouds are determined by their macrophysical and microphysical properties [3] . So far, parameterizations of cloud processes and cloud feedbacks still represent the largest uncertainty in general circulation models (GCMs) for projecting future climate change [4] . Accurate observations of clouds and their vertical distributions, as well as other macrophysical and microphysical properties under different dynamic and thermodynamic environments, are required to improve cloud parameterizations in GCMs and validate model outputs [5] .
East Asia • N, 70-140 • E) is a unique region that is characterized with high cloud occurrences at low, middle, and high altitudes [2, 6, 7] . Clouds have significant impacts on climate change and
Datasets and Methodology
The latest version (R04) of the CloudSat 2B-CLDCLASS-LIDAR product [30] between 2007-2010 is employed to study the cloud distributions and other macrophysical properties over East Asia. The sample number over the study region is shown in Figure 1a .
The 2B-CLDCLASS-LIDAR product combined measurements of the Cloud-Aerosol LIdar with Orthogonal Polarization (CALIOP) on CALIPSO and 94.05 GHz Cloud Profiling Radar (CPR) on CloudSat for cloud scenario classification. CALIOP is a near nadir-viewing two-wavelength lidar at 532 nm and 1064 nm, and linear polarization measurements at 532 nm [31] . Its vertical and horizontal resolutions are 30 m and 333 m below 8.2 km, and 60 m and 1000 m between 8.2-20.2 km, respectively. Due to its high vertical resolution, CALIOP is sensitive to most of the clouds and aerosols, and can detect their fine structure [24] . However, CALIOP is unable to penetrate optically thick clouds to detect anything beyond them due to strong attenuation at its short wavelength. CPR has a detection sensitivity of approximately −30 dBZ, with a vertical resolution of about 240 m between the surface and 30 km above ground level (AGL) and a horizontal footprint of 1.3 km cross-track and 1.7 km along-track. CPR is sensitive to large-sized particles such as ice and drizzle drops with relatively coarser resolution [32, 33] , and can penetrate optically thick clouds to detect multilayer cloud systems. However, its long wavelength limits its capability to detect water clouds with relatively small water droplets, or cold ice clouds with low concentrations of small ice crystals. Therefore, CALIOP and CPR measurements provide unique complementary capabilities for each other [32] .
The 2B-CLDCLASS-LIDAR product firstly uses the radar cloud mask from CloudSat 2B-GEOPROF [33] and the CALOP cloud mask identified from the attenuated backscattering coefficient profile [34, 35] as inputs to search for cloud clusters and generate cloud feature information, including cloud boundary height, temperature, thickness, fraction, precipitation, etc. CALIOP attenuated backscattering coefficients are averaged to the CPR horizontal resolution, but keep its native vertical resolutions for better cloud boundary and phase identifications. Temperature profiles from the European Center for Medium-Range Weather Forecast are interpolated to each CPR vertical bin, and are provided in the ECMWF-AUX product to determine cloud temperatures and assist in cloud classification [36] . Then, the CloudSat 2B-CLDCLASS-LIDAR product uses these cloud features, together with a fuzzy logical-based algorithm, to further classify clouds into different cloud types and determine cloud thermodynamic phases. Eight cloud types were classified, including cumulus (Cu), stratocumulus (Sc), stratus (St), altocumulus (Ac), altostratus (As), nimbostratus (Ns), cirrus (ci), and deep convective clouds (Dc). Furthermore, three cloud thermodynamic phases were determined: water, ice, and mixed phase.
The 2B-CLDCLASS-LIDAR product can provide more accurate detections of cloud boundaries and their vertical structures over the global scale than lidar-only or radar-only measurements. Figure 1 presents an example of A-Train satellite measurements and cloud detections from different products on 31 May 2008. Various cloud types and multilayer clouds can be observed from CALIOP total attenuated backscattering (TAB) at 532 nm ( Figure 1b ) and CPR radar reflectivity (Z e , Figure 1c ). The lidar-only cloud mask (red and green patches) from the CALIOP level 2 5-km cloud layer product [37] and radar-only cloud mask (blue and green patches) from the CloudSat 2B-GEOPROF product [38] are shown in Figure 1d . It can be seen that CPR is not able to detect most of thin Ci and non-precipitating liquid clouds, while CALIOP is not able to penetrate liquid-topped clouds that occur within latitudes between 20.5-30.0 N to provide cloud information below the layer. With combined CPR and CALIOP measurements, a complete view of the cloud can be derived, which is shown as the cloud mask from 2B-CLDCLASS-LIDAR in Figure 1e .
Note that although the 2B-CLDCLASS-LIDAR is by far the most accurate satellite-based cloud product, it still has some limitations. For example, this product cannot detect some non-precipitation water clouds if there is optically thick cloud above, due to the detection limitations of radar and lidar measurements. Furthermore, the 2B-CLDCLASS-LIDAR keeps the CALIOP high vertical resolution measurements to derive the fine structure of the clouds, especially for optically thin clouds, which are transparent for Lidar. However, for optically thick clouds such as liquid, the identification of the cloud bottom mainly relies on CRP, which could result in an underestimation of cloud thicknesses due to its low sensitivity for small-size particles. Furthermore, the sparse temporal and space sampling of CPR and CALIOP measurements may also result in biases in our results. The non-convective clouds have small diurnal variations [39] [40] [41] , while strong diurnal variations are seen for convective clouds. Due to its sun-synchronous orbit with only two overpasses at about 0130 and 1330 local time, A-Train satellites cannot capture the strongest or most frequent afternoon convective period [39] . However, the results from averaging both the day and the night A-train satellite measurements are close to the mean derived from The Tropical Rainfall Measuring Mission (TRMM) full-day samples [39] . Therefore, results with both day and night-time measurements were presented in this study. Although reliable observations are currently lacking, further investigations and evaluations of this product are still needed, and will be done in future study.
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Cloud Occurrences
Cloud occurrence is defined as the ratio of a cloudy profile amount over the total measurement profile amount in a 1° (latitude) × 1° (longitude) box in this study. In a statistical point of view, cloud occurrence is equivalent to the commonly used cloud fraction in models. Cloud occurrence is a fundamental parameter through which clouds exert impacts on atmosphere radiation budgets. On average, cloud occurrence over East Asia is 66.3% with a standard deviation of 12.6%, compared with mean cloud occurrences of 52.5% from the CALIOP level 2 5-km cloud layer product and 44.7% from the CloudSat 2B-GEOPROF product.
The cloud occurrence distributions over East Asia from four years of the CloudSat 2B-CLDCLASS-LIDAR product are given in Figure 2a . From Figure 2a , cloud occurrences larger than 80% occur downstream of the Tibetan Plateau and over the East China Sea. Large cloud occurrences downstream of the Tibetan Plateau are consistent with Li and Gu [12] 's study, which showed that the dynamic and thermodynamic effects of the Tibetan Plateau provide favorable conditions for stratiform clouds. Figure 2b presents the differences of cloud occurrence frequencies 
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Cloud Distributions at Different Altitude Levels
To better understand the dynamic and thermodynamic environments associated with cloud distributions, the clouds are classified into high-level (cloud base ≥ 6 km AGL), mid-level (6 km > cloud base ≥ 2 km AGL), and low-level (cloud base < 2 km AGL and cloud thickness < 6 km) clouds and vertically extended deep cloud systems (cloud base < 2 km AGL and cloud thickness ≥ 6 km), following Adhikari et al. [48] 's criteria. The adopted thresholds of cloud base height are commonly used in the literature and meteorological departments (such as the Met Office and National Weather Service). The threshold of 6-km cloud thickness to distinguish low clouds from deep cloud systems is also chosen based on the consideration that the low clouds are mainly stratiform clouds and 
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Discussions about Cloud Vertical and Horizontal Scales
The radiative impacts of clouds are directly affected by their horizontal coverage and vertical extensions. Collocated CPR and CALIOP measurements provide reliable detections of cloud systems and their along-track horizontal scales. Figure 9 shows the time series of monthly averaged cloud-top height and cloud thickness for low-level, mid-level, high-level, and deep clouds. From Figure 9 , low-level and mid-level cloud-top heights and thicknesses have little monthly variations. For high-level clouds, cloud-top height is about 2 km larger during JJA, but cloud thicknesses have little monthly variations. For deep clouds, both cloud-top height and thickness are about 2 km larger during JJA. 
The radiative impacts of clouds are directly affected by their horizontal coverage and vertical extensions. Collocated CPR and CALIOP measurements provide reliable detections of cloud systems and their along-track horizontal scales. Figure 9 shows the time series of monthly averaged cloud-top height and cloud thickness for low-level, mid-level, high-level, and deep clouds. From Figure 9 , low-level and mid-level cloud-top heights and thicknesses have little monthly variations. For high-level clouds, cloud-top height is about 2 km larger during JJA, but cloud thicknesses have little monthly variations. For deep clouds, both cloud-top height and thickness are about 2 km larger during JJA. To take a closer look at cloud vertical distributions, Figure 10 shows the PDFs of cloud thickness for low-level, mid-level, high-level, and deep clouds. Their mean cloud-top heights (km AGL) and cloud thicknesses are given in Table 1 . From the figure, the PDFs of low-level, mid-level, and high-level cloud thickness have a peak value that is smaller than 0.5 km, and then decrease gradually with cloud thickness, with the mean thicknesses smaller than ~2 km in Table 1 . This indicates that models with vertical resolutions lower than 0.5 km have difficulties resolving those clouds. The PDFs of deep cloud thickness generally decrease with cloud thickness. It should be noted that due to the strong attenuation of the lidar signal by liquid layers and the low sensitivity of the CPR and attenuation of the radar signal by strong convective clouds, the CloudSat 2B-CLDCLASS-LIDAR product may underestimate cloud thicknesses for non-precipitating liquid clouds and deep convective clouds. To take a closer look at cloud vertical distributions, Figure 10 shows the PDFs of cloud thickness for low-level, mid-level, high-level, and deep clouds. Their mean cloud-top heights (km AGL) and cloud thicknesses are given in Table 1 . From the figure, the PDFs of low-level, mid-level, and high-level cloud thickness have a peak value that is smaller than 0.5 km, and then decrease gradually with cloud thickness, with the mean thicknesses smaller than~2 km in Table 1 . This indicates that models with vertical resolutions lower than 0.5 km have difficulties resolving those clouds. The PDFs of deep cloud thickness generally decrease with cloud thickness. It should be noted that due to the strong attenuation of the lidar signal by liquid layers and the low sensitivity of the CPR and attenuation of the radar signal by strong convective clouds, the CloudSat 2B-CLDCLASS-LIDAR product may underestimate cloud thicknesses for non-precipitating liquid clouds and deep convective clouds. To take a closer look at cloud vertical distributions, Figure 10 shows the PDFs of cloud thickness for low-level, mid-level, high-level, and deep clouds. Their mean cloud-top heights (km AGL) and cloud thicknesses are given in Table 1 . From the figure, the PDFs of low-level, mid-level, and high-level cloud thickness have a peak value that is smaller than 0.5 km, and then decrease gradually with cloud thickness, with the mean thicknesses smaller than ~2 km in Table 1 . This indicates that models with vertical resolutions lower than 0.5 km have difficulties resolving those clouds. The PDFs of deep cloud thickness generally decrease with cloud thickness. It should be noted that due to the strong attenuation of the lidar signal by liquid layers and the low sensitivity of the CPR and attenuation of the radar signal by strong convective clouds, the CloudSat 2B-CLDCLASS-LIDAR product may underestimate cloud thicknesses for non-precipitating liquid clouds and deep convective clouds. For cloud horizontal scales, a cloud system is first identified using the CloudSat 2B-CLDCLASS-LIDAR product following Zhang et al. [49] 's method. The horizontal scale of a cloud system along the CALIPSO/CloudSat track is then determined by calculating the continuous profiles (N) of a detected cloud system. Considering the 1.7-km along-track resolution of CPR measurements, the along-track scale (L in km) of a cloud system is L = N × 1.7. The distribution of cloud along-track horizontal scales over East Asia is shown in Figure 11 For cloud horizontal scales, a cloud system is first identified using the CloudSat 2B-CLDCLASS-LIDAR product following Zhang et al. [49] 's method. The horizontal scale of a cloud system along the CALIPSO/CloudSat track is then determined by calculating the continuous profiles (N) of a detected cloud system. Considering the 1.7-km along-track resolution of CPR measurements, the along-track scale (L in km) of a cloud system is L = N × 1.7. The distribution of cloud along-track horizontal scales over East Asia is shown in Figure 11 . The averaged cloud along-track horizontal scale over East Asia is 82.0 km, with a standard deviation of 142.0 km. From the figure, the largest cloud along-track horizontal scales are located in southwestern East Asia with values larger than 120 km, while the smallest cloud along-track horizontal scales are at the middle of western East Asia, with values smaller than 50 km. Figure 12 shows the PDFs and cumulative PDFs of along-track horizontal scales for total, low-level, mid-level, high-level, and deep clouds. Assuming a typical grid resolution of 1° in climate models, which is about 110 km (blue dashed line in Figure 12 ), approximately 81.2% of the clouds over East Asia have horizontal scales smaller than the model grid resolution on a global average, and cannot be resolved by climate models. From Figure 12 , the PDFs decrease dramatically as the along-track horizontal scale increases for all of the cloud types. The mean along-track horizontal scales for low-level, mid-level, high-level, and deep clouds are 56 km, 88 km, 110 km, and 99 km, respectively. Comparing the along-track horizontal scale for different cloud types, low-level clouds have the smallest along-track horizontal scales, while high-level clouds have the largest along-track horizontal scales. Note that the statistical behaviors of along-track horizontal scale for different cloud types over the global are similar to those presented here. Figure 12 shows the PDFs and cumulative PDFs of along-track horizontal scales for total, low-level, mid-level, high-level, and deep clouds. Assuming a typical grid resolution of 1 • in climate models, which is about 110 km (blue dashed line in Figure 12 ), approximately 81.2% of the clouds over East Asia have horizontal scales smaller than the model grid resolution on a global average, and cannot be resolved by climate models. From Figure 12 , the PDFs decrease dramatically as the along-track horizontal scale increases for all of the cloud types. The mean along-track horizontal scales for low-level, mid-level, high-level, and deep clouds are 56 km, 88 km, 110 km, and 99 km, respectively. Comparing the along-track horizontal scale for different cloud types, low-level clouds have the smallest along-track horizontal scales, while high-level clouds have the largest along-track horizontal scales. Note that the statistical behaviors of along-track horizontal scale for different cloud types over the global are similar to those presented here. 
Summary and Conclusions
In this study, four years (2007-2010) of CloudSat 2B-CLDCLASS-LIDAR product are analyzed to study cloud occurrences, vertical distributions, and along-track horizontal scales over East Asia. The CloudSat 2B-CLDCLASS-LIDAR product uses combined CPR and CALIOP measurements for cloud scenario classification, and provides by far the most accurate detections of cloud boundaries and their vertical structures on a global scale.
The mean occurrence frequency over East Asia derived from the CloudSat 2B-CLDCLASS-LIDAR product is 66.3% with a standard deviation of 12.6%, which is approximately 13.8% and 21.6% higher than that from the CALIOP level 2 5-km cloud layer product and the CloudSat 2B-GEOPROF product, respectively. These differences are even larger than the model-observation differences, as is pointed out in the introduction section, suggesting the importance of using more reliable cloud datasets for model validations. Significant differences in cloud occurrence between that of the CloudSat 2B-CLDCLASS-LIDAR product and that of the CALIOP Level 2 5-km cloud layer product occur along the south of the Tibetan Plateau and over the South and East China Sea area, while significant differences between that of the CloudSat 2B-CLDCLASS-LIDAR product and that of the 2B-GEOPROF product occur over most of the southern East Asia area. For vertical distributions, clouds occur frequently at high and low altitudes, with significant seasonal variations at latitudes lower than 25 N, and at mid and low altitudes, with less seasonal variations at latitudes higher than 25 N. Cloud-top heights over East Asia have three local peaks at approximately 1.5 km AGL corresponding to the low clouds, and 10 km and 15 km AGL corresponding to the high clouds over mid-latitude regions and the near-tropic regions, respectively.
To better understand cloud dynamic and thermodynamic environments, clouds are also classified into low-level clouds, mid-level clouds, high-level clouds, and vertically extended deep cloud systems. Except for over the East and South China Sea, low-level clouds mainly occur in the southwest of China around the Tibetan Plateau, as a result of the topography effect of the Tibetan 
To better understand cloud dynamic and thermodynamic environments, clouds are also classified into low-level clouds, mid-level clouds, high-level clouds, and vertically extended deep cloud systems.
Except for over the East and South China Sea, low-level clouds mainly occur in the southwest of China around the Tibetan Plateau, as a result of the topography effect of the Tibetan Plateau on the circulation and thus the transport of water vapor. Mid-level clouds are widely distributed over East Asia, with larger occurrences in the middle of China, forming a mid-altitude cloud band related to the water vapor that is transported by the sub-tropic westerly. High-level clouds are concentrated within southern East Asia, and mostly occur in JJA, due to the deep convection and strong water vapor transport by the updraft. Deep clouds are mainly located over the Bay of Bengal and East China Sea. Significant seasonal variations for low-level clouds, mid-level clouds, high-level clouds, and deep clouds are found in different regions, which are related to different cloud formation mechanisms. Low-level and mid-level cloud-top heights and thicknesses have little monthly variations. For high-level clouds, cloud-top heights are about 2 km larger during JJA, but cloud thicknesses have little monthly variations. For deep clouds, both cloud-top height and thickness are about 2 km larger during JJA.
The vertical and horizontal scales of the clouds were analyzed in detail. Significant fractions of low-level cloud, mid-level cloud, and high-level cloud have thicknesses smaller than 1 km, which indicates that models with vertical resolutions lower than 0.5 km have difficulties reliably resolving those clouds. The averaged cloud along-track horizontal scale over East Asia is 82.0 km, with a standard deviation of 142.0 km. The PDFs of cloud along-track horizontal scales suggest that approximately 81.2% of the clouds over East Asia cannot be resolved by climate models with a grid resolution of 1 • . Mean along-track horizontal scales for low-level clouds, mid-level clouds, high-level clouds, and deep clouds are 56 km, 88 km, 110 km, and 99 km, respectively. Low-level clouds have the smallest along-track horizontal scales, while high-level clouds have the largest along-track horizontal scales.
This study provides a unique and reliable dataset of cloud occurrences and morphology characteristics over East Asia. The dataset can be used to improve cloud parameterizations in climate models and validate model simulations of clouds over East Asia. Further analyses of cloud microphysical properties such as droplet effective radius, particle size, and water content retrieved from combined CloudSat radar and CALIPSO lidar measurements over East Asia are currently being conducted in our group. 
